Abstract-A fiber-optic vibration sensor based on polarizationand phase-step interferometry is reported. Left-and rightcircularly polarized light coming back from the reference and signal arms of a modified Michelson fiber interferometer is processed with an array of five linear analyzers separated angular steps of =4 (rad) from each other. Thus, five interference patterns are acquired simultaneously and the dynamical phase retrieval problem is reduced to five-step interferometry in the time-domain. A vibration sensor as described above was built by the authors and its performance was investigated.
I. INTRODUCTION

I
NTERFEROMETRIC vibration sensors have been largely discussed by several authors because of their high sensitivity and large dynamical range (see, e.g., [1] - [7] ). A typical sensor device is the fiber Michelson interferometer [1] , in which a directional coupler combines the waves reflected at the signal and reference arms, generating a signal intensity at a photodetector (1) where is the mean intensity, the visibility of the interference, and the phase difference between signal and reference arms.
The main issue to be solved in that cases is how to extract the phase information from intensity measurements at the interferometer output. In a real situation the mean intensity and visibility of the interference will change with time, since in general the light source fluctuates and the movement of the target surface introduces coupling losses when light is reflected back in the signal arm. Thus, in principle is not possible to use a conventional interferometer for vibration sensing, because we have three variables (i.e., mean intensity, visibility and dynamical phase) which simultaneously affect the interferometer output.
The objective of this work is to describe a novel fiber-optic interferometric vibration sensor, which combines polarization- and phase-step techniques for the phase retrieval. To our knowledge there is no reference in the literature about the use of such techniques in the time-domain for vibration sensing.
In the next section the sensor is described and the theory is briefly discussed. The performance of a prototype is discussed in Section III, and we summarize our work in Section IV.
II. PRINCIPLE OF OPERATION
The vibration sensor is schematically shown in Fig. 1 . The sensor is essentially a Michelson's fiber interferometer with polarization controls. (The technique described in this paper could also be applied with other interferometric configurations.)
A polarized He-Ne laser beam is launched in the arm of the fiber interferometer. Light is lead to the signal arm and the reference arm through a polarization maintaining 50 : 50 directional coupler (the interferometer fiber arms are also polarization maintaining). A -plate with its fast axis at 45 respect to the polarization direction is placed in the output of arm , so that the polarization direction of light reflected on the test object and launched in the fiber will be perpendicular to light coming out of the fiber. Thus, at the output of arm we shall have the addition of two waves with perpendicular polarization directions.
In front of the fiber tip of arm is placed another -plate with its fast axis at 45 respect to both polarization directions (the fast axis of the -plate coincides with the -direction in Fig. 1 ), so that after the -plate one has a left-handed circular polarized wave and a right-handed circular polarized one (2) (3) where and are time-dependent complex amplitudes, and are unit vectors in -and -direction. In general, we shall have (4) where is the (real) ratio of amplitudes and is the timedependent phase shift induced by the movement of the test object. For one-dimensional (1-D) movements, we can write (5) where is a constant phase term, is the laser wavelength and is the fiber-target distance.
0733-8724/97$10.00 © 1997 IEEE Fig. 1 . The figure shows a schematic description of the sensor where a; b; c, and d are the fiber arms of the interferometer, D is a directional 50:50 coupler, L1 . . . L4 are collimating lens, Q1; 2 are quarter-wave plates, T is a piezoelectric mounted mirror, P 1 is a linear polarizer, P 2 is a five linear polarizer array, and DA is an array of five photodetectors. Light propagation direction at the output of arm d is perpendicular to the xy-plane.
Let be an unit vector in direction of one of the linear polarizers placed in front of the -plate (see Fig. 1 ). Thus, the total electric field after the polarizer will be (6) that is (6') where is the angle between and .
Then, the light intensity will be given by (7) where and .
This expression is similar to the usual formula found in twobeam interferometry. The important difference to be stressed here is the appearance of the angle added to the dynamical phase in the cosinus term. Equation (7) is a particular case of Pancharatnam's formula [8] . The phase 2 added to the dynamical phase is often called topological (Pancharatnam) phase (see, e.g., [9] and the references therein).
In our experimental arrangement, we have five linear polarizers rotated angular steps of (rad) between them. Thus we have five simultaneous intensity outputs, which correspond to five phase-steps (8) where and . Then, in order to recover (i.e., ), we have to resolve the equation system shown in (8) . It can be easily demonstrated that the vibration amplitude of the target will be expressed as (9) This expression is Hariharan's algorithm of stepinterferometry [10] . In the next section, we shall use this expression in order to calculated the displacement of a test object.
III. EXPERIMENTAL RESULTS
The test object used in this work was a piezoelectric transducer-mounted mirror actived with an electrical signal. The outputs of the photodetectors ( ) were digitalized with a 12-bit analog-to-digital converter at a processing speed of 5 kHz and read into a personal computer.
The data shown in Fig. 2 are representative for many experiments performed for different waveforms and frequencies. We choice a triangular waveform in order to show that the sensor reproduces correctly abrupt direction changes of movement of the test object. It is important to note that the technique described in this work allows to calculate the visibility of the interference even in presence of coupling losses and fluctuations of the laser output (see, e.g., [10] ). In our experiments we found . Observe also that the true value of the phase steps can be verified a posteriori using the expression [solving (8)] , which in our case gives . The good agreement of the calculated mirror displacement with the ideal triangular waveform shows that the five-step algorithm is insensitive to fairly large errors in the phase steps before significant errors appear in the calculated vibration (phase) amplitude.
IV. CONCLUSION
In this work a novel interferometric configuration for a vibration sensor has been demonstrated. The novelty of the sensor is that polarization-and phase-step interferometry in the time-domain is used. We have introduced five phase-steps by projection of circularly polarized waves of opposite senses on five linear analyzers. This permits us the simultaneous determination of the relevant variables of the system, in particular the dynamical phase associated to the movement of the test object.
